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In a method for functionalizing a carbon nanotube surface; 
the nanotube surface is exposed to at least one vapor including 
at least one functionalization species that non-covalently 
bonds to the nanotube surface; providing chemically func 
tional groups at the nanotube surface; producing a function 
alized nanotube surface. A functionalized nanotube surface 
can be exposed to at least one vapor stabilization species that 
reacts With the functionalization layer to form a stabilization 
layer that stabilizes the functionalization layer against des 
orption from the nanotube surface While providing chemi 
cally functional groups at the nanotube surface; producing a 
stabilized nanotube surface. The stabilized nanotube surface 
can be exposed to at least one material layer precursor species 
that deposits a material layer on the stabilized nanotube sur 
face. 
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GAS-PHASE FUNCTIONALIZATION OF 
CARBON NANOTUBES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Application No. 60/766,000, ?led Feb. 7, 2006, the 
entirety of Which is hereby incorporated by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

[0002] This invention Was made With Government support 
under Contract No. CTS-02365 84 awarded by NSF. The Gov 
ernment has certain rights in the invention. 

BACKGROUND OF THE INVENTION 

[0003] This invention relates to carbon nanotubes, and 
more particularly relates to techniques for forming layers of 
material on the surface of carbon nanotubes. 
[0004] Carbon nanotubes are being employed increasingly 
for a Wide range of nanosystems and nanodevices. The unique 
electronic structure, exceptional elastic properties, and 
extremely high aspect ratio all characteristic of carbon nano 
tubes address many considerations that are currently of inter 
est for nano systems and nanodevices. In the microfabrication 
of such carbon nanotube-based systems and devices, it can be 
desirable or required to deposit one or more layers of material 
on a nanotube surface. Coaxial coating of a carbon nanotube, 
such that the longitudinal coaxial surface of the nanotube is 
substantially fully surrounded by one or more coated layers, 
can be particularly desirable, for, e.g., providing a coaxially 
symmetric nanotube structure and material properties. Sur 
round-gate transistors and other device con?gurations are 
particularly reliant on such a coaxial coating arrangement. 
Further, suspended carbon nanotube-based device geom 
etries, often employed for sensing applications, generally are 
preferably implemented With a coaxially-coated nanotube. 
[0005] A nanotube Wall con?guration, electronic structure, 
and surface properties can all impact the ability to deposit a 
selected material on the surface of a nanotube. For example, 
uniform, conformal coating of multi-Walled carbon nano 
tubes (MWNTs) can under some conditions be accomplished 
by atomic layer deposition (ALD). ALD alloWs for the depo 
sition of a Wide variety of materials at relatively loW process 
ing temperatures With superior thickness precision and high 
composition uniformity, and therefore is an attractive depo 
sition technique for many applications. By enabling such a 
high degree of deposition precision, ALD Well-addresses car 
bon nanotube nano-scale geometries and overcomes the limi 
tations of CVD deposition techniques. But for many applica 
tions, it is understood that MWNTs can be coated by anALD 
process only because MWNTs are characteriZed by the exist 
ence of defects, at nanotube surfaces, that can act as nucle 
ation sites for ALD precursors. MWNT ALD coatings there 
fore cannot be guaranteed to be reproducible or uniform. 
Single-Walled carbon nanotubes (SWNTs) are characteriZed 
by a much more ideal and defect-free surface structure than 
MWNTs. SWNTs are found to be chemically inert to ALD 
precursor molecules. As a result, continuous ALD coating 
onto a SWNT by ALD is not in general conventionally 
achievable for any process conditions. 
[0006] Other similar scenarios exist in Which a selected 
coating material or coating process is found incompatible 
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With a chosen nanotube Wall structure or other con?guration. 
For example, chemical vapor deposition processes (CVD) in 
general cannot be guaranteed to produce a uniform nanotube 
coaxial coating, and can require plasmas or deposition tem 
peratures that are so high as to impact the electrical or 
mechanical properties of a nanotube. For many process con 
ditions, SWNTs are chemically inert to CVD precursors at 
CVD temperatures less than about 4000 C. Although physical 
deposition methods (PVD), such as sputtering or evaporation, 
can sometimes deposit metals or other materials directly onto 
SWNTs, such deposits are not conformal, and do not uni 
formly surround the tubes due to, e. g., the directional nature 
of the methods. A “conformal” coating on a nanotube is here 
meant to refer to a coating that Wraps completely around the 
nanotube With uniform thickness on all sides. It is therefore 
dif?cult to reliably and benignly make conformal layers of 
material around a nanotube. 
[0007] For many applications, it is desirable to coat a nano 
tube uniformly and conformally With insulating and metallic 
materials in the formation of an electronic device such as a 
coaxially-gated nanotube transistor. But in general it can be 
dif?cult to uniformly and conformally coat a nanotube, and 
particularly a SWNT, With selected materials. As explained 
above, SWNTs are inert to ALD precursors and therefore 
cannot be coated by an ALD process. CVD and PVD tech 
niques do not reliably produce a thin, uniform and conformal 
layer on a nanotube. Liquid-chemical deposition methods are 
knoWn to enable the coating of SWNTs With SiO2, Which is a 
lOW-K dielectric, but do not enable the deposition of higher-K 
materials on a nanotube. 

[0008] It has been suggested that to overcome this dif? 
culty, a nanotube surface can ?rst be functionaliZed to render 
the surface susceptible to deposition precursor molecules, 
thereby to enable deposition by a selected technique such as 
ALD. For example, a liquid-based technique can be 
employed for functionaliZing a SWNT surface by covalent 
chemical bonding of a functionaliZation layer to the SWNT 
surface. The resulting layer provides functional groups, 
covalently bonded to the nanotube longitudinal sideWall, that 
are reactive With deposition precursors such as ALD precur 
sor molecules. 

[0009] While this technique indeed enables uniform ALD 
?lm deposition on covalently functionaliZed SWNT surfaces, 
the liquid-based process is procedurally tedious and could be 
impractical for large-scale fabrication scenarios. Further 
more, the covalent nature of the chemical bonding process 
can in general change the hybridization state of a nanotube, 
destroying optoelectronic and/or other properties of the nano 
tube. A post-functionaliZation heat treatment or other process 
can be required to recover the initial hybridization state of 
such a functionaliZed nanotube. As a result, it has heretofore 
been impractical to employ covalent functionaliZation as a 
means for enabling uniform deposition of a selected material, 
and particularly an insulating material, on a nanotube. 

SUMMARY OF THE INVENTION 

[0010] The invention overcomes the limitations of cova 
lent-bonding, liquid-based nanotube surface functionaliZa 
tion techniques by providing a functionaliZation method that 
requires only Weak, physical bonding, such as non-covalent 
bonding, to a carbon nanotube, via vapor processing, to pro 
duce a functionaliZation layer on the nanotube. 
[0011] In one method provided by the invention for func 
tionaliZing a carbon nanotube surface, the nanotube surface is 
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exposed to at least one vapor including at least one function 
aliZation species that non-covalently bonds to the nanotube 
surface, providing chemically functional groups at the nano 
tube surface to produce a functionaliZed nanotube surface. A 
functionaliZed single-Walled carbon nanotube is thereby pro 
vided having a coaxial nanotube structure including a func 
tionaliZation layer that is non-covalently bonded to the nano 
tube surface and that provides chemically functional groups 
over the nanotube surface. The functionaliZed nanotube sur 
face can be exposed to at least one material layer precursor 
species that deposits a material layer on the functionaliZed 
nanotube surface. 
[0012] In accordance With the invention, a functionaliZed 
nanotube surface can be exposed to at least one vapor stabi 
liZation species that reacts With the functionaliZation layer to 
form a stabilization layer that stabilizes the functionaliZation 
layer against desorption from the nanotube surface While 
providing chemically functional groups at the nanotube sur 
face to produce a stabiliZed nanotube surface. The stabiliZed 
nanotube surface can then be exposed to at least one material 
layer precursor species that deposits a material layer on the 
stabiliZed nanotube surface. 
[0013] In one example functionaliZation and stabiliZation 
process provided by the invention, exposure of a nanotube to 
NO2 vapor and trimethylaluminum vapor is cyclically alter 
nated for betWeen 25 and 50 exposure cycles, and then expo 
sure of the nanotube to Water vapor and trimethylaluminum 
vapor is cyclically alternated for at least 5 exposure cycles. 
[0014] The invention exploits this process to provide a 
method for forming a coaxial carbon nanotube transistor gate. 
In this method, a substantially full coaxial surface of a nano 
tube is exposed to at least one vapor including at least one 
functionaliZation species that non-covalently bonds to the 
nanotube surface, providing a functionaliZation layer of 
chemically functional groups to produce a functionaliZed 
nanotube surface. Then the functionaliZed nanotube surface 
is exposed to at least one vapor stabiliZation species that 
reacts With the functionaliZation layer to form a stabiliZation 
layer that stabiliZes the functionaliZation layer against des 
orption from the nanotube surface While providing chemi 
cally functional groups at the nanotube surface to produce a 
stabiliZed nanotube surface. The stabiliZed nanotube surface 
is then exposed to at least one material layer precursor species 
that deposits an electrically insulating layer on the stabiliZed 
nanotube surface. The electrically insulating layer is then 
exposed to at least one material layer precursor species that 
deposits an electrically conducting layer on the insulating 
layer. 
[0015] This process can be extended to form a single 
Walled carbon nanotube semiconductor device, With a single 
Walled carbon nanotube synthesiZed betWeen electrically 
conducting source and drain contact pads, and an electrically 
insulating layer formed by vapor deposition, such as atomic 
layer deposition or chemical vapor deposition, on at least a 
portion of the source and drain contact pads and over ends of 
the single-Walled carbon nanotube, leaving a coaxial surface 
of the single-Walled carbon nanotube uncoated by the vapor 
deposition. Then the functionaliZation and stabiliZation steps 
can be carried out. A gate dielectric layer can then be formed 
around the stabiliZed coaxial nanotube surface and a gate 
metal layer can be deposited on the gate dielectric layer. 
[0016] The carbon nanotube functionaliZation method of 
the invention avoids covalent chemical modi?cation of nano 
tubes, thereby preserving their remarkable electrical, 
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mechanical and optical properties. Once a carbon nanotube 
surface is functionaliZed in accordance With the invention, 
vapor or liquid processing of the nanotube can be carried out 
to uniformly deposit one or more layers of material on the 
nanotube for, e.g., the production of nanotube based elec 
tronic elements, circuits, devices, and systems. Other features 
and advantages of the invention Will be apparent from the 
folloWing description and accompanying ?gures, and from 
the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] FIG. 1A is a schematic side vieW ofa carbon nano 
tube suspended over a trench for functionaliZation in accor 
dance With the invention; 
[0018] FIG. 1B is a schematic planar vieW of carbon nano 
tubes disposed on a surface for functionaliZation in accor 
dance With the invention; 
[0019] FIGS. 1C-1D are schematic side and planar vieWs, 
respectively, of a carbon nanotube suspended over a through 
hole in a support structure for functionaliZation in accordance 
With the invention; 
[0020] FIG. IE is a schematic vieW of carbon nanotubes 
disposed vertically from a substrate for functionaliZation in 
accordance With the invention; 
[0021] FIG. IE is a schematic vieW of a carbon nanotube 
suspended from the edge of a beam for functionaliZation in 
accordance With the invention; 
[0022] FIG. 2 is a schematic diagram of the reaction mecha 
nism for Al(CH3)3 With NO2 adsorbed on a single-Walled 
carbon nanotube surface in the functionaliZation process of 
the invention; 
[0023] FIG. 3A is a plot of measured conductance of a 
SWNT as a function of time as NO2 is adsorbed and desorbed 
from the surface of the SWNT; 
[0024] FIG. 3B is a plot of measured conductance of a 
SWNT as a function of time as Al(CH3)3 is adsorbed and 
desorbed from the surface of the SWNT; 
[0025] FIG. 3C is a plot of measured conductance of a 
SWNT as a function of time as ALD functionaliZation cycles 

of NO2 and Al(CH3)3 dosing are carried out; 
[0026] FIG. 3D is a plot of measured conductance of a 
SWNT as a function of time as one ALD functionaliZation 

cycle ofNO2 and Al(CH3)3 dosing is carried out; 
[0027] FIG. 4A is a plot of measured functionaliZation 
layer thickness as a function of number of ALD functional 
iZation cycles of NO2 and Al(CH3)3 dosing; 
[0028] FIG. 4B is a plot of measured functionaliZation layer 
thickness as a function of NO2 dosing in an ALD functional 
iZation cycle of NO2 and Al(CH3)3 dosing; 
[0029] FIG. 5A is a plot of measured conductance of a 
SWNT as a function of time as one pulse of NO2 dosing is 
adsorbed and desorbed from the surface of the SWNT Where 
the SWNT Schottky barriers With electrodes at the SWNT 
ends have not been passivated; 
[0030] FIG. 5B is a plot of measured conductance of a 
SWNT as a function of time as one pulse of NO2 dosing is 
adsorbed and desorbed from the surface of the SWNT, Where 
the SWNT Schottky barriers With electrodes at the SWNT 
ends have been passivated; 
[0031] FIG. 5C is a plot of measured SWNT conductance 
as a function of time as multiple NO2 pulse dosing is carried 
out, indicating the conductance for a SWNT having Schottky 
barriers With electrodes at the SWNT ends that have not been 
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passivated and are exposed, and for a SWNT having Schottky 
barriers With electrodes at the SWNT ends that have been 
passivated and are coated; 
[0032] FIGS. 6A-6I are schematic vieWs of process steps in 
the fabrication of a doubly-suspended carbon nanotube ?eld 
effect transistor in accordance With the invention; and 
[0033] FIGS. 7A-7M are schematic side vieWs of the pro 
cess steps in the fabrication of a vertical carbon nanotube ?eld 
effect transistor in accordance With the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0034] The functionaliZation process of the invention can 
be carried out on a nanotube of any selected Wall con?gura 
tion, including single-Walled nanotubes (SWNTs) and multi 
Walled nanotubes (MWNTs), and can be carried out on a 
nanotube of any selected electrical state, including metallic or 
semiconducting nanotubes. For any of these conditions, the 
functionaliZation process of the invention produces a func 
tionaliZation layer that is physically bonded to the outside 
surface of a nanotube in a benign manner that avoids chemical 
modi?cation of nanotubes, thereby preserving the electrical, 
optical, and mechanical properties of the nanotube. While not 
chemically bonded to the nanotube surface, the functional 
iZation layer of the invention provides chemically-active 
functional groups at the nanotube surface that are reactive to 
deposition precursors for depositing a material layer uni 
formly over the functionaliZation layer. The functionaliZation 
layer of the invention thereby preserves the nanotube proper 
ties While providing a nanotube surface condition that facili 
tates subsequent deposition of a uniformly thick ?lm or ?lms 
all over the surface of the nanotube. 

[0035] Once a carbon nanotube surface is functionaliZed in 
accordance With the invention, vapor or liquid processing of 
the nanotube can be carried out to deposit one or more layers 
of material on the nanotube in a precise, reliable, conformal 
manner. ALD techniques, chemical vapor deposition (CVD) 
techniques, plasma deposition techniques, other physical 
deposition techniques, and solution-based deposition tech 
niques can all be employed to produce on a functionaliZed 
carbon nanotube a desired con?guration of a material layer or 
layers. Example functionaliZation processes provided by the 
invention and example material deposition processes are 
described in detail beloW. 

[0036] For many applications, it can be preferred to deposit 
a material on a nanotube in a manner that coaxially coats the 
nanotube surface, i.e., that surrounds at least a portion of the 
length of the nanotube. To achieve this condition, it is accord 
ingly preferable to substantially completely coaxially coat a 
nanotube With a functionaliZation layer of the invention, 
along substantially a selected portion or the entire longitudi 
nal sideWall length of the nanotube. This canbe accomplished 
conveniently if the nanotube to be coated is synthesiZed in an 
arrangement that provides exposure of the nanotube sideWall 
circumference along some or all of the nanotube length. 

[0037] FIG. 1A is an example of such a con?guration. Here, 
a nanotube 10 has been synthesiZed betWeen tWo catalyst 
regions 12, 14 across a trench 16 provided in a substrate 
structure 18. The suspension of the nanotube across the trench 
provides complete access to the nanotube sideWall, thereby 
enabling the formation of a functionaliZation layer around the 
entire nanotube. In contrast, in an arrangement like that 
shoWn in FIG. 1B, nanotubes 10 that are synthesiZed lying ?at 
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on a substrate 18 are not fully exposed to the ambient, and 
cannot in one step be fully coated With a functionaliZation 
layer. 
[0038] In accordance With the invention, nanotubes that are 
synthesiZed in the con?guration of FIG. 1B can be manually 
manipulated to be arranged in a suspended con?guration like 
that of FIG. 1A, or other suitable con?guration, for enabling 
full coating. For example, nanotubes can be moved to posi 
tions over holes or trenches by ?oWing after groWth in another 
selected location. Alternatively, the nanotubes can be main 
tained ?at on a surface and multiple coating cycles be 
employed With manual rotation of the nanotubes betWeen 
each cycle. 
[0039] Turning to FIGS. 1C-1D there is shoWn a second 
example of a suspended nanotube con?guration. In this 
example, a nanotube 10 has been synthesiZed betWeen tWo 
catalyst regions 12, 14 across a through-hole 20 in a substrate 
18. As shoWn in FIG. 1D, the through-hole can be square, or 
can be of another selected geometry, either straight or curved. 
The trench 16 of the example of FIG. 1A likeWise can be of 
any suitable geometry across Which a nanotube can be syn 
thesiZed. Where a through-hole is preferred, such can be 
provided in a substrate, as in FIGS. 1C-1D, or through a 
self-supported membrane or other suitable structure. 
[0040] As shoWn in FIG. 1E, nanotubes 10 can alternatively 
be synthesiZed vertically, groWn doWn or up like blades of 
grass from the surface of a substrate 18 on Which is provided 
catalyst regions or a blanket catalyst layer. This synthesis 
arrangement provides full circumferential access to the nano 
tubes for forming a functionaliZation layer fully around the 
nanotubes. In this arrangement, the nanotubes are anchored to 
a substrate only at one end, and can be maintained in this 
rooted con?guration during functionaliZation and coating 
processes. Such a condition can also be achieved in a hori 
Zontal arrangement, shoWn in FIG. 1F. Here a nanotube 10 is 
synthesiZed from the end of a horiZontal structure, e.g., a 
beam 22 provided on a substrate 18. A nanotube catalyst 
region can be provided at a selected location on the beam or 
along the beam length. 
[0041] In the examples ofFIGS.1A and 1C-1F, one or more 
carbon nanotubes are synthesiZed in place in a selected 
arrangement that is convenient for coating the full circumfer 
ence of the nanotube surface along the nanotube length. This 
can be extended to synthesis of a nanotube in place in a 
selected device or system con?guration for Which the nano 
tube is intended, Where the full circumference of the nanotube 
is to be exposed during operation. Examples of such devices 
are described in detail beloW. But as explained above, Where 
such is not the case, nanotubes can be synthesiZed in any 
desired fashion and then arranged to expose their full coaxial 
surface for functionaliZation of the full surface, or can be 
manipulated such that repeated functionaliZation steps pro 
duce a functionaliZation layer on the full surface. Where it is 
not required to functionaliZe the full surface of a nanotube, 
the nanotube can be provided in an arrangement such as FIG. 
1B With a selected surface region to be functionaliZed made 
accessible to the functionaliZation process. 

[0042] The invention does not require any particular nano 
tube synthesis process and is not limited to a particular pro 
cess. Nanotubes can be obtained from commercial sources or 

synthesiZed in a desired manner and With selected character 
istics such as Wall number and electrical conductivity. 
Example nanotube synthesis techniques and con?gurations 
that can be employed in accordance With the invention are 
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described in Us. Patent Application Publication No. US 
2006/0006377, entitled “Suspended Carbon Nanotube Field 
Effect Transistor,” Published Jan. 12, 2006, the entirety of 
Which is hereby incorporated by reference. 
[0043] For example, nanotube catalyst materials of, e.g., 
Fe, Co, Ni, alloys of such, or other metals or suitable materi 
als, can be provided in a patterned con?guration or a blanket 
arrangement on a substrate or other structure, in the conven 
tional manner, for synthesis of nanotubes therefrom. Where it 
is desirable to synthesize a nanotube in situ in a selected 
device con?guration, catalyst regions can be provided on, 
e.g., metal contact pads, in the manner described beloW, such 
that a resulting nanotube device con?guration includes elec 
trical connection points at ends of the nanotube. For applica 
tions in Which a nanotube is to be synthesized across a 
through-hole, the catalyst material can be provided on a sub 
strate or membrane in an arrangement such that the through 
hole can be formed in one step through the catalyst and the 
underlying substrate or membrane to provide alignment of 
the edge of the catalyst region With the edge of the through 
hole. For applications in Which SWNTs are desired, a rela 
tively thin catalyst layer, e.g., of 2 nm in thickness or less, can 
be preferred. 
[0044] Nanotube synthesis can be carried out by CVD or 
other selected vapor deposition process. In one example pro 
cess, CH4 is ?oWed, at a rate of, e.g., about 200 sccm, at a 
temperature of, e.g., about 900° C., for a selected duration, 
e.g., up to about 5 minutes in a CVD chamber. In a further 
example synthesis process, argon gas is ?owed at, e.g., about 
450 sccm, at atmospheric pressure, through anhydrous liquid 
ethanol at 25° C., room temperature, With the vapor mixture 
then ?oWed over a catalyst-coated region at a temperature of, 
e.g., betWeen about 750° C.-900° C., in, e.g., an Inconel 
annealing tube, for a duration of, e.g., betWeen about 30 s and 
30 min. Other synthesis processes can also be employed. 
[0045] With these example nanotube synthesis techniques, 
nanotubes can be groWn across through-holes or trenches 
provided in substrates or membranes, can be groWn vertically 
up or doWn from a catalyst surface, or can be groWn from the 
edge of a beam or other structure. Multiple nanotubes can be 
expected to groW from each catalyst region and remain at least 
partially suspended over holes or trenches or from anchor 
points such as beams or other surfaces. Once one or more 
nanotubes are synthesized or arranged in a manner that 
accommodates formation of a functionalization layer on a 
selected region of the nanotube or the complete Wall surface 
of the nanotube, the functionalization process of the invention 
is carried out to enable deposition of additional selected mate 
rial layers on the nanotube. 

[0046] The functionalization process of the invention pro 
duces at the nanotube surface a functionalization layer that is 
substantially conformal and uniform and that provides 
chemically functional groups amenable to deposition of a 
material layer thereon and/or that can react With coating pre 
cursors such as ALD precursor molecules. The functionaliza 
tion layer does not, hoWever, signi?cantly disrupt the elec 
tronic structure or other properties of the nanotube and 
therefore is benign to the nanotube. Accordingly, in the func 
tionalization process, there is delivered to the nanotube sur 
face a species that can physically attach to the surface for 
uniformly coating the surface but Which does not chemically 
react With the surface. The functionalization layer is phys 
isorbed at the nanotube surface but is not chemisorbed at the 
nanotube surface. 
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[0047] Such a condition can for many cases be character 
ized as non-covalent bonding. Covalent bonding typically 
characterizes a condition in Which localized interaction 
betWeen species can trap electrons and disrupt electronic 
properties. The functionalization process of the invention 
avoids this condition by employing a functionalization spe 
cies that does not result in localized electronic interaction 
With the nanotube surface. The non-covalent physical bond of 
the functionalization species to a nanotube surface is strong 
enough to hold the species in place for at least a limited 
duration, but is reversible, and therefore can desorb from the 
surface. With this condition, the physical bond is not of a 
nature that perturbs the structure of the nanotube surface. 
[0048] One example functionalization species that can be 
employed in accordance With the invention is NO2. NO2 is 
characterized by a high binding e?iciency that results from 
loW lying electronic states. This high binding e?iciency, in 
combination With a tendency to strong Van der Waals attrac 
tion, enables NO2 to physically bond to a nanotube surface 
Without chemically bonding to the surface. Without chemical 
bonding to the surface, the NO2 does not strongly perturb the 
surface electronically or chemically. NO2 can be delivered to 
a nanotube surface as a gaseous vapor species. For many 
applications, it is preferred in accordance With the invention 
that the functionalization species be a vapor species, rather 
than a liquid species, for enabling precision in deposition as 
Well as for convenience. NO2 thereby is particularly Well 
suited as a functionalization species. 

[0049] The characteristics of NO2 given just above gener 
ally describe the requirements of a functionalization species 
of the invention. The functionalization species should be 
adsorbed on and non-covalently physically bond to, or phy 
sisorbed on, a nanotube surface Without signi?cantly perturb 
ing the chemical and/ or electronic states of the nanotube. The 
physisorbed functionalization species should be capable of 
operating as nucleation sites for reaction With one or more 
precursors for depositing a material layer on the nanotube. 
The functionalization species should also preferably be deliv 
erable to a nanotube surface in the vapor phase. 

[0050] The invention is not limited to the NO2 functional 
ization example. Any species that provides the surface-bond 
ing and precursor-reaction characteristics described above 
can be employed as a functionalization species. For example, 
methyl nitrite gas, CH3ONO, can be employed in place of 
NO2 gas. 
[0051] Species and processes that result in covalent bond 
ing With a nanotube surface cannot be employed in the func 
tionalization process of the invention. For example, layers of 
some metals, such as Ti and Cr, are understood to impact the 
electronic state of nanotubes and to covalently bond to the 
nanotube surface. As a result, such metals cannot be 
employed as a functionalization species in the functionaliza 
tion process of the invention. In contrast, NO2 does not sub 
stantially alter the electrical state of nanotubes to Which it is 
attached. Any nanotube conduction enhancement produced 
by an NO2 coating, e.g., a slight p-type conduction enhance 
ment that is knoWn to be characteristic of NO2 coating on 
nanotubes, is almost entirely due to electrostatic modi?cation 
at the metal/nanotube interface by Schottky barrier modi?ca 
tion, as described in detail beloW. NO2 does not interact elec 
tronically in the sense that covalent bonds are not formed With 
the nanotube lattice and the hybridization state, i.e., the elec 
tronic state, of the nanotube is therefore not changed by the 
N02. 
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[0052] Furthermore, as metals, Cr and Ti, as Well as other 
electrically conducting materials, cannot be employed as a 
surface coating on a nanotube that is to be employed as, e. g., 
a semiconducting element such as a transistor gate. A metal 
layer on a nanotube gate surface Would dominate electrical 
current transport along the nanotube gate by providing a 
pathWay for electrons to travel through the metal, rather than 
the semiconducting nanotube, thereby eliminating the requi 
site transistor gate sWitching capabilities. 
[0053] Particular deposition processes can also alter the 
properties of a nanotube and are therefore cannot be 
employed as a functionaliZation process. For example, high 
temperature CVD processes, typically operated at tempera 
tures over 4000 C., are knoWn to deleteriously impact the 
electrical transport properties of nanotubes by changing the 
electronic structure of nanotubes. This is understood to occur 
due to a bonding arrangement that is not non-covalent. In 
other Words, the high-temperature CVD process causes for 
mation of covalent bonds With a nanotube that change the 
electrical properties of the nanotube. In contrast, the loW 
temperature vapor deposition process of the invention does 
not form With a nanotube covalent bonds that could alter the 
electrical properties of the nanotube. 
[0054] Considering noW the NO2 functionaliZation species 
in more detail, it is found that the physical bond of NO2 
species to a nanotube surface is reversible, as mentioned 
above. In other Words, adsorbed NO2 molecules tend to des 
orb from a nanotube surface over time. As a result, although 
a layer of NO2 molecules coated on a nanotube surface Will 
act as nucleation sites for deposition of a selected material 
layer on the nanotube, the NO2 molecules Will not in general 
remain on the nanotube surface for a duration that is su?i 
ciently long to enable the desired material layer deposition. 
The challenge is to form a continuous layer of NO2 that is 
preserved for a duration su?icient to carry out a selected 
material deposition process. 
[0055] In accordance With the invention, this is achieved by 
depositing, preferably from the vapor phase, a layer of NO2 at 
a temperature that preserves NO2 molecules on a nanotube 
surface for a duration suf?cient to introduce a second func 
tionaliZation species to react With the NO2 molecules and 
form a species that is not so easily desorbed from the nano 
tube surface. The reaction of the NO2 and the second func 
tionaliZation species forms a more stable complex that does 
not so rapidly desorb from a nanotube surface and that main 
tains nucleation sites for deposition of a material and/or reac 
tion With a selected deposition precursor. 
[0056] Any suitable species that is suf?ciently volatile and 
reactive to bind to the NO2 and stabiliZe the NO2 on the 
surface of a nanotube can be employed in the functionaliZa 
tion technique. One example and preferred reactive second 
functionaliZation species is Al(CH3)3 (trimethylaluminum or 
TMA), but other reactants, such as dimethylZinc, trimethyl 
gallium, trimethylindium, trimethylbismuth, tetrakis(dim 
ethylamido)hafnium or tetrakis(dimethylamido)Zirconium, 
can also be used. Whatever reactive second functionaliZation 
species is selected, it preferably binds to the NO2 and stabi 
liZes the NO2 on the surface of a nanotube. The invention is 
not limited to a particular reactive second functionaliZation 
species, and instead requires only that the result of a reaction 
of the selected species With, e.g., NO2 or other selected ?rst 
functionaliZation species, not strongly perturb the electronic 
or chemical state of the nanotube and provide nucleation sites 
for deposition of a material layer on the nanotube surface. 
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[0057] In one example and Well-suited process provided by 
the invention, a cyclic ALD technique can be employed to 
introduce vapor NO2 to a nanotube surface and then to expose 
the adsorbed NO2 molecules to vaporAl(CH3)3, such that the 
Al(CH3)3 reacts With the NO2 molecules. The reaction of the 
Al(CH3)3 With the NO2 produces a functionaliZation layer 
that is non-covalently bonded to the underlying carbon nano 
tube and that is a stable complex Which does not tend to 
immediately desorb from the nanotube sideWall at a reason 
ably loW temperature, such as room temperature, 25° C. The 
resulting functionaliZed surface provides functional groups 
that are amenable to uniform, conformal coating of the nano 
tube by a selected additional material or materials. 

[0058] A plausible reaction mechanism for adsorbed NO2 
With TMA is schematically illustrated in FIG. 2. Here, the 
nitrogen end of N02 is attracted to the nanotube surface, 
leaving the oxygen ends exposed to incoming TMA vapor. 
This is the most stable con?guration for adsorbed NO2 mol 
ecules on the nanotube surface. The aluminum centers of 
TMA are in turn attracted to oxygen, leaving the methyl 
groups as the surface functional groups that are available for 
reaction With deposition precursors and amenable to deposi 
tion conditions.As explained beloW, this con?guration results 
in self-terminating behavior under a range or processing con 
ditions, preventing further attachment of either NO2 or TMA. 
[0059] In one example NOZ-TMA functionaliZation pro 
cess in accordance With the invention, a cyclic ALD technique 
is employed at a temperature that generally minimizes a ten 
dency of molecular desorption, e.g., about room temperature, 
25° C. Throughout the entire functionaliZation process, a 
selected ?oW, e.g., about 50 sccm, of a selected inert gas, e.g., 
argon gas, is directed through anALD reactor. An example of 
such is a cylindrical reactor having an inner diameter of 3.4 
cm. The inert gas How is controlled, e.g., by a vacuum pump 
With a pumping speed such that the chamber pressure is 
maintained at, e.g., about 300 mTorr. One example N02 
TMA functionaliZation cycle consists of a ?rst cycle step 
providing a dose of, e.g., about 30 mL, of NO2 gas at a 
pressure of, e.g., about 960 Torr. After this NO2 dose there is 
carried out an NO2 purge, e.g., a 7 s purge With argon. Then a 
second cycle step is carried out With a dose of, e.g., about 6 
mL, of TMA vapor at a pressure of, e.g., about 10 Torr. This 
TMA dose is then folloWed by a 2 min purge With argon. This 
?nal purge ends a NOZ-TMA cycle. As explained beloW, the 
number of such cycles to be repeated is determined based on 
the completeness of coverage provided by a selected func 
tionaliZation layer. As Will be recognized, the dose siZe, pres 
sure, and other process parameters are dependent on reactor 
siZe and therefore are to be adjusted accordingly for a given 
reactor and other process conditions. 

[0060] With this example ALD functionaliZation process, 
the residence time, or life time, of the adsorbed NO2 species 
resulting from the 30 mL dose of NO2 gas is su?icient for the 
adsorbed NO2 species to remain on the nanotube surface until 
the TMA vapor is introduced for reaction With the adsorbed 
NO2 species. The example process temperature of room tem 
perature is one process parameter that canbe easily controlled 
to impose this condition. For many applications, a process 
temperature of about room temperature, 25° C., can be pre 
ferred, but the invention is not limited to room temperature 
processing. The processing temperature is preferably less 
than about 200° C. and can be loWer than room temperature if 
such is suitable for a given application. 
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[0061] For many applications, a functionalization layer of 
one monolayer or at most a feW monolayers is all that is 
required to provide the functional groups necessary for nucle 
ation of a selected material to be deposited subsequently on 
the functionalization layer surrounding a nanotube. Rela 
tively thick functionalization layers may be porous and not 
optimally uniform or conformal. In addition, for many appli 
cations it can be preferred to limit the amount of material 
applied to a nanotube. It can therefore be preferred to limit the 
thickness of a functionalization layer, either through active 
control or by selection of a process that is characterized by 
self-limiting behavior. 
[0062] The example NOZ-TMA functionalization process 
described above is characterized by such self-limiting behav 
ior, limiting a resulting functionalization layer thickness to 
one monolayer, Which is less than about 1 nm in thickness. 
The self-limiting nature of this reaction can be preserved by 
limiting the number of functionalization ALD cycles to less 
than 100 cycles, so that only a controlled, self-limited mono 
layer of material forms. If the dose number is too large or 
exposure too great, the NOZ-TMA process can produce a 
thicker amorphous multilayer that is not self-limiting, as 
described in detail beloW. Such a multilayer is not a true ALD 
process and cannot be guaranteed to provide the conformality 
and uniformity required by the invention. For many applica 
tions, less than 100 cycles can be preferred, or more prefer 
ably, less than 50 cycles. The number of cycles to be 
employed should be su?icient to fully or at least nearly com 
pletely cover a nanotube surface. For most applications, pref 
erably more than 10 cycles, and more preferably, more than 
25 cycles are suf?cient for nearly complete coverage. 
[0063] In general, once a nanotube surface has been 
exposed to the example NOZ-TMA ALD process described 
above or other selected process, a functionalization layer 
exists on the nanotube surface and deposition of a selected 
material around the nanotube can proceed. But although the 
adsorbed NOZ-TMA complex is more stable than adsorbed 
NO2 by itself, because the NOZ-TMA complex is non-co 
valently attached to the nanotube, the complex Will tend to 
desorb from the nanotube surface given a su?icient amount of 
time and a suf?ciently high temperature. 
[0064] For conditions under Which a selected material can 
not be deposited prior to the onset of such functionalization 
layer desorption, an intermediate stabilization layer can be 
applied in accordance With the invention to encase the func 
tionalization layer and ensure stability of the functionaliza 
tion layer even at elevated temperatures and extended dura 
tions. The stabilized functionalization layer provides 
functionalized nucleation sites such that deposition of a 
selected material layer can then be carried out on the nano 
tube. FolloWing the functionalization and stabilization steps, 
the structure can be heated to higher temperatures at Which 
the initial functionalization layer may have desorbed Without 
the stabilization process. 

[0065] The stabilization process preferably is conducted at 
a temperature that does not cause enhanced desorption of the 
underlying functionalization layer. For many applications, a 
temperature around room temperature, 25° C., can be a pref 
erable stabilization process temperature; a temperature beloW 
about 200° C. can be preferred, With temperatures beloW 
about 100° C. more preferable. The stabilization layer pref 
erably just covers the underlying functionalization layer and 
therefore need be no more than one or just a feW monolayers 
in thickness. The stabilization layer holds the functionaliza 
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tion layer in place and preferably forms covalent bonds With 
the functionalization layer, although such covalent bonds are 
not essential to the invention. 

[0066] In one example technique, a selected precursor is 
introduced to a functionalization layer-coated nanotube for 
reaction With the layer. The criteria to be met include a 
requirement that the deposition precursor or precursors for 
the stabilization layer be reactive With the species of the 
functionalization layer, e.g., With NOZ-TMA functionaliza 
tion layer species, and be suf?ciently volatile at the tempera 
ture required to maintain the functionalization layer, e.g., 
about 25° C., for successful delivery of their vapors to the 
functionalization layer surface. Precursors that meet these 
criteria include dimethylamides of various metals, such as 
hafnium and zirconium, and methyl derivatives of other met 
als, such as aluminum, zinc, gallium andbismuth. Reaction of 
such precursors, including trimethylaluminum, dimethylz 
inc, trimethylgallium, trimethylindium, trimethylbismuth, 
tetrakis(dimethylamido)hafnium or tetrakis(dimethylamido) 
zirconium With Water vapor can be carried out to form a 
stabilization layer. It is understood that a NOZ-TMA func 
tionalization layer can be exposed to a temperature around 
50° C. and for most conditions still be characterized by a 
reasonably small desorption rate; at this higher temperature 
an expanded class of stabilization layer precursors can be 
employed. 
[0067] In one example and convenient process, a layer of 
A1203 can be deposited by ALD to form a monolayer-thick 
stabilization layer over a functionalization layer. Where the 
functionalization layer is formed by anALD process, anALD 
stabilization process can be particularly convenient. In an 
example of such a process, a selected ?oW, e.g., about 50 
sccm, of a selected inert gas, e.g., argon gas, is directed 
through an ALD reactor. An example of such is a cylindrical 
reactor having an inner diameter of 3.4 cm. The inert gas How 
is controlled, e.g., by a vacuum pump With a pumping speed 
such that the chamber pressure is maintained at, e.g., about 
300 mTorr. The temperature is maintained at about room 
temperature, 25° C. The ?rst step in one stabilization cycle 
consists ofa dose of, e.g., about 6 mL of TMA, at a pressure 
of, e.g., about 10 Torr, folloWed by a 2 min purge With argon. 
Then in a second process step, Water vapor at a pressure of, 
e.g., about 24 Torr, is pulsed for 0.2 sec. The chamber is then 
purged With argon for, e.g., about 2 min. This completes one 
ALD cycle in the formation of a stabilization layer. 

[0068] It is found that for an NOZ-TMA functionalization 
layer, ?ve A1203 ALD cycles With the process conditions 
given just above provide an adequate stabilization layer, and 
thus a process including at least ?ve cycles can be preferred. 
The thickness of an A1203 stabilization layer produced by the 
?ve ALD cycles is found to be su?icient to keep NOZ-TMA 
complexes held in place on a nanotube for high temperature 
processing, and yet is thin enough to minimize any adverse 
effects that the stabilization layer could have on electrical 
capacitance. 
[0069] Thus, in accordance With the invention, in one 
example of a particularly preferable process, 25-50 ALD 
cycles of functionalization by NOZ-TMA, folloWed by at 
least 5 ALD cycles of stabilization by A1203, all at about 25° 
C., suf?ciently functionalizes and stabilizes a nanotube sur 
face for deposition by a selected process, e.g., by conven 
tional ALD. Most nanotubes, and in particular SWNTs, 
treated With this process of the invention exhibit an ideal 
























